We have used (Cryo) electron tomography (CET) to provide a 3D map of the intracellular membrane organization of human platelets at high spatial resolution. Our study shows that the open canalicular system (OCS) and dense tubular system (DTS) are highly intertwined, and form close associations in specialized membrane regions. 3D reconstructions of individual α-granules revealed large heterogeneity in their membrane organization. On the basis of their divergent morphology, we categorized α-granules into the following subtypes: spherical granules with electron-dense and electron-lucent zone containing 12nm von Willebrand factor tubules, subtypes containing a multitude of luminal vesicles, 50nm wide tubular organelles, and a population with 18.4nm crystalline cross striations. Low-dose CET and 3D reconstruction of whole vitrified platelets confirmed the existence of long tubular granules with a remarkably curved architecture. Immuno-electron microscopy confirmed that these extended structures represent α-granule subtypes. Tubular α-granules represent ~16% of the total α-granule population and are detected in about half of the platelet population. They express membrane-bound proteins GLUT3 and αIIb-β3 integrin, contain abundant fibrinogen and albumin, but low levels of β-thromboglobulin and no vWF. Our 3D study demonstrates that besides the existence of morphologically different α-granule subtypes, high spatial segregation of cargo exists within individual α-granules.
Introduction
Blood platelets are the smallest cells in our circulation. They play a central role in the arrest of bleeding after damage of a blood vessel, and are crucial elements in the development of thrombosis. 1, 2 Upon injury, platelets rapidly adhere to components of the subendothelium, followed by shape change and subsequent granule secretion. 3 These rapid membrane dynamics are crucial for the progression of platelet-substrate interaction (spreading) and subsequent platelet-platelet interaction (aggregation), ultimately leading to the formation of a platelet plug and the arrest of bleeding. 4 Platelets contain several distinct membrane systems:
i) the open canalicular system (OCS), which is continuous with the cell surface and serves as a membrane reservoir during shape change and spreading, 5, 6 ii) the dense tubular system (DTS), representing the platelet smooth endoplasmic reticulum 7 and iii) secretory organelles.
Four types of secretory organelles have been identified in platelets, based on their ultrastructure and selective protein composition: the α-granules, dense granules, multivesicular bodies and lysosomes. [8] [9] [10] α-granules are the major secretory organelles and appear in electron microscopy cross-sections as 200-500nm spherical organelles. Platelet alpha and dense granules are differentially released and play crucial roles in the secondary platelet response. 11, 12 Recent studies have suggested the existence of α-granule subclasses with different cargo content and have proposed that these are differentially secreted. 13, 14 Conventional transmission electron microscopy (TEM) studies have contributed much to our present understanding of the platelet ultrastructure. [15] [16] [17] [18] TEM provides information on the intracellular organization of organelles, which, combined with immunogold labeling, enables the visualisation of intracellular distribution patterns of molecules with nanometer precision. 19, 20 However, TEM provides only two-dimensional images and is not informative of the membrane continuities in 3D. EM tomography followed by reconstruction and modelling of the cell provides a way to study the 3D organization of membranes and macromolecular structures at nanometer resolution. However, an accurate 3D representation is only achieved when cells are arrested in a close to native state. Vitrification in liquid ethane followed by visualization at cryogene temperature (Cryo-EM), or high-pressure freezing and low temperature freeze substitution (HPF-FS) immobilize cellular structures in milliseconds. 21 Both methods provide 'snapshots' of the cell under near-native physiological conditions.
Electron tomography (ET) and reconstruction of the images then allows the snap-frozen structures to be reassembled into a 3D model. In the present study we have used a
combination of ET and immuno-electron microscopy (IEM), as well as HPF-FS technology
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From and visualization of vitrified whole platelets at cryogenic temperature. Our ET study reveals novel details on the spatial organization of the open canalicular system (OCS) and dense tubular system (DTS). The OCS consists of small neck regions and multiple areas of membrane branching that serve to connect the platelet cell surface from one side to the other at multiple sites. The DTS appears as a reticular membrane system, closely intertwined with the OCS. Our 3D analysis also revealed that the α-granule population is morphologically heterogeneous. Besides spherical granules and multivesicular subclasses, a tubular granule population also exists. When visualized in whole vitrified platelet samples, these granules appear as long, highly curved membrane strands, connected to spherical domains. IEM analysis and serial cryosectioning confirmed that these tubules represent α-granules.
Characterization of the molecular architecture of these granules revealed that high spatial protein segregation exists within individual α-granules. Based on the tubular nature of this α-granule subpopulation, and the heterogeneous and spatial protein packaging we propose that cargo is differentially released from tubular granules in comparison to spherical granules.
Here, we discuss these observations in the context of the developing view on different α-granule populations and their secretion. 
Materials and Methods

Antibodies and immune reagents
The following antibodies were purchased: AK-6 moAb directed to P-selectin was from Serotec (Serotec Ltd, Oxford, UK). Rabbit polyclonal GPIIb-IIIa antibody was a gift from Dr M.C. Berndt (Melbourne, Australia) and has been previously described. 8 Monoclonal antibody 4A7 directed to β3 integrin chain was from our own department (Hematology, University Medical Center Utrecht, the Netherlands). Rabbit polyclonal human fibrinogen and human von Willebrand factor (vWF) antibodies and rabbit anti-mouse IgG were purchased from Dakopatts (Glostrup, Denmark). Rabbit polyclonal β-thromboglobulin (β-TG) antiserum and GLUT 3 antibodies have been described in previous studies. 8, 20, 22 Anti-human albumin was from Nordic (Tilburg, the Netherlands). Monoclonal anti-clathrin heavy chain was from
Becton Dickinson Transduction Laboratories (Alphen, The Netherlands). The 10nm and 15nm protein-A gold conjugates were prepared at the Cell Microscopy Center, (University Medical Center Utrecht, the Netherlands) following standard procedures.
Blood collection and platelet preparation
Whole blood was obtained from normal healthy individuals after informed consent was given in the accordance with the Declaration of Helsinki. The study was approved by the Medical Ethical Testing Committee of The University Medical Center Utrecht. To avoid preactivation, blood was collected immediately from the vein into fixative (2% glutaraldehyde and 2% paraformaldehyde in 0.1M cacodylate buffer). The fixed platelets were isolated and embedded in Epon according to standard EM procedures. For immuno-electron microscopy, whole blood was collected in a mixture of 2% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer (final concentration). For direct cryo-immobilization (HPF-FS, vitrification) whole blood was collected in 0.34 % sodium citrate, and platelet-rich plasma (PRP) was prepared by sedimentation at 180 x g.
Immuno-electron microscopy
Immunogold labeling of ultrathin cryosections was performed at room temperature by floating the grids on drops containing the diluted antibodies. Immunogold double labeling was performed using 10nm and 15nm protein-A gold conjugates (CMC Utrecht, the Netherlands).
For analysis of the vWF and fibrinogen label distribution over tubular and spherical granules, 1000 randomly selected α-granule profiles were scored on thin frozen sections from directly
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From fixed platelets. The relative distribution of other α-granule markers was determined on electron micrographs taken at a nominal magnification of 30.000. Gold particles were counted over tubular and spherical profiles and their relative surface area was determined from the electron micrographs using a point-hit method. Average label densities over tubules and spherical profiles were calculated by dividing the respective percentages of gold particles by the percentages of line intersections occupied by the structure.
High-pressure freezing and freeze substitution
High-pressure freezing and freeze substitution were performed essentially as described before 21 . In brief, 10ng/ml PGI2 was added to the PRP and platelets were carefully sedimented at 300 x g and resuspended in a small volume of Hepes Tyrode (0.145mM NaCl, using the fiducial markers and subsequently combined into a 3D volume. The aligned dual axis tomograms were computed by resolution-weighted back projection. Serial sections were joined together using Etomo join. Within the IMOD program membrane-bound organelles and structures of interest were manually traced to form a 3D representation of the structure and/or compartment. Membrane-bound organelles were identified using morphological criteria and immunogold labeling of cryo-sections.
Low-dose cryo-ET
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Results
For optimal preservation of the steady state membrane organization, whole blood was collected directly from the vein into fixative. This method provides an elegant way to prevent platelet pre-activation during handling. Platelets were also frozen directly in platelet-rich plasma (PRP) using high-pressure-freezing followed by low temperature substitution in fixative (HPF-FS), or vitrified in liquid ethane for immediate visualization at -180°C. The dimensions of the platelet allows whole cell vitrification in liquid ethane with the vitrobot and subsequent CET. Large volumes can be adequately handled with HPF-FS technology which provides excellent membrane ultrastructure but has the disadvantage that it requires platelet isolation prior to cryo-immobilization, which causes pre-activation. To determine the spatial membrane organization of the OCS, DTS and secretory granules in 3D the use of electron tomography is crucial. Dual axis tilt series were recorded from 200-400 nm thick plastic sections using both fixation methods and back-projections were generated to provide 3D reconstructions of the structures of interest. Figure 1 shows an overview of tomographic slices and 3D reconstructions through the resting discoid platelet (see also supplementary movie
The open canalicular system (OCS) and dense tubular system (DTS) are closely intertwined membrane systems
Manual tracking of the cell surface revealed multiple 20-30nm wide plasma membrane invaginations (Fig. 1E , arrowheads in model in I), which are continuous with deep intracellular membrane systems representing the OCS. OCS membranes display numerous branching points and span the platelet cell surface from one side to the other, thereby forming a complex reticular membrane network (Fig. 1I, and supplementary movie M1 ). Some cell surface OCS openings are closely positioned laterally to the plasma membrane (Fig. 1I, double arrowheads). Microtubules (MT) are found in the cell periphery and delineate the plasma membrane in a coiled fashion (Fig. 1A, 1D , and supplementary movie M2). 3D reconstructions of individually traced microtubules showed that some circumferential microtubules end at OCS invaginations ( Fig. 1F-H) . MTs are sometimes incomplete and occasionally reveal physical interconnections (data not shown). The intracellular part of the OCS consists of irregularly shaped vacuolar structures, with frequent tubular neck regions ( Fig. 2A and 2B, blue arrowheads) . The DTS appears as small tubular structures ( Fig. 2A and   2B , white arrowheads) and is often situated at the cell periphery. 3D analysis of ~300nm thick Figure 3C shows different views of an α-granule immunolabeled with CD63 (red dots) and P-selectin (yellow dot), illustrating that the luminal vesicles are not connected to the limiting membrane. These results demonstrate that the α-granule is a highly compartmentalized organelle, consisting of segregated cargo and separate inner and outer membrane domains.
We frequently encountered organelles with an elongated tubular shape (Fig. 4 , and supplementary movie M5), which became especially apparent after transverse orientation within the tomogram. These elongated structures exhibit a uniform diameter ranging from 40-60 nm and are often connected to spherical granules (Fig. 4A-C) . The tubules are never completely captured in our tomograms (Fig. 4D) , suggesting an extended 'tail' morphology.
When properly oriented along their long axis, 'tube-like' proteinaceous structures are visible (Fig 4B, arrowhead) . 
Cryo-ET of whole vitrified platelets reveals spherical granules and tubules
To obtain insight into the spatial organization of α-granules within the whole cell, we took advantage of the small size of the platelet and performed cryo electron tomography (CET). Platelet-rich plasma was frozen in liquid ethane following EM analysis at -180 0 C.
Snapshots taken from cryo-immobilized preparations reveal great variety in the morphology of α-granules (Fig. 5) . Vitrified spherical granules exhibit highly smoothened limiting membranes with variable electron dense content and presence of luminal membranes (Fig.   5A ). α-granules with extended tail morphology were frequently detected in whole vitrified platelets (Fig. 5B ). This subpopulation of α-granules are observed as long tubular strands (Fig. 5B, arrowheads) , and exhibit typical electron-dense spherical domains at one extreme end (Fig. 5B, asterisk) . To obtain a 3D image within the whole vitrified cell, single-axis tilt series were generated at low-dose mode and data were reconstructed into a 3D model after denoising and manual surface rendering. Figure 5C -F shows four tomographic slices with different orientations of the tubular organelle. Total length of the structure is 7.6μm and its spherical domain measures 220nm. The tubule thickness ranges from 31nm to 65nm. A 3D reconstruction is shown in Figure 5G , 5H, and supplementary movie M6.
The elongated membrane strands represent α-granule subtypes
To further characterize the long tubular granule subpopulation, we next analyzed ultrathin cryosections after immunogold labeling with established α-granule markers. Due to limited Z-resolution of thin cryo-sections, tubular profiles are less frequently detected with their long axis oriented in the plane of the section. As a result they appear in cross-sections mostly as 40-60 nm wide spherical profiles (see Figure 4 ). With this notion in mind, we counted the number of platelets exhibiting tubular profiles and found that just over 40% of the cells contain one or more tubular profile (n = 500 cells). When we classified the granule subtypes into tubular (40-60nm diameter) and spherical morphologies (> 200nm), we found that spherical subtypes predominate (84% spherical versus 16% tubular granules, n = 500 cells). Consistent with our observations in vitrified platelets, in cryo-sections we also found that tubules were physically connected to spherical granules. A selection of tubular granule profiles from immuno-labeled ultrathin cryosections is shown in Figures 6 and 7 . Membranebound α-granule proteins αIIb-β3 integrin and GLUT3 can be readily detected on the tubules identifying them as α-granules, whereas trace P-selectin was observed (Fig. 6) . A subset of the tubular shaped α-granules showed a distinct cross-striation pattern with periodicity of 18.5±0.4nm, reminiscent of fibrin polymers (supplementary Figure S2 ). In the cross-striated areas fibrinogen was abundant present, but not vWF.
vWF is absent from tubular profiles
Since α-granule cargo is derived from both biosynthetic and endocytic origin, we next asked whether differences exist in the cargo distribution between tubular and spherical granules. A quantitative evaluation of the gold labeling patterns showed that vWF and βTG were almost exclusively localized in the spherical granules and undetectable in tubular granules, while fibrinogen was equally distributed over both subpopulations (Fig. 6 ). Albumin was also abundantly detected in both subtypes, but was present in the tubules to a lesser extent. Furthermore, within the subset of spherical granules, 41.8±7.5% showed colocalization of vWF and fibrinogen, whereas 45.5±7.2% contained exclusively fibrinogen, and 12.8±3.9% only vWF was expressed ( Fig. 6G ; n = 1000 α-granules). Thus vWF and βTG are selectively excluded from tubular α-granules. To obtain detailed information on the spatial protein segregation, we next combined serial cryosectioning with immunogold labeling. Using this approach we found that connections exist between fibrinogen-positive tubules and vWF-positive spherical granules (supplementary Figure S3) . Furthermore, subsequent cross-sections of the same granule exposed different subpopulations i.e. dense core or multivesicular granules (see supplementary Figure S1A ,B). Together these observations demonstrate that besides different morphologies, high spatial protein segregation also exists within individual α-granule subtypes.
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Discussion
In the present study we provide 'snapshots' of the steady state membrane organization of the resting blood platelet, under conditions close to their physiological state. We analyzed the spatial organization of two crucial membrane complexes, the OCS and the DTS using electron tomography. Our findings confirm previous reports, defining the OCS as a reticular membrane network with numerous branching channels and multiple cell surface connections. 6 3D reconstruction analysis shows that vacuolar regions of the OCS are interconnected through small membrane neck regions. DTS membranes are in close proximity to the small OCS neck regions, but no sign of membrane connections between both membrane systems is observed.
The OCS has an important role as a membrane storage compartment. Platelet spreading requires the contribution of intracellular stored OCS membranes. 23 In a similar fashion, a membrane supply from internal stores is likely to be required in the formation of long membrane tethers, a key step in the platelet adhesion process under fast flowing conditions.
Tether formation does not require platelet activation and is independent of granule secretion, 24 suggesting that additional membrane must derive from the OCS. To accommodate this shear- A major focus of the current study was to define the spatial organization of the secretory α-granule population at high resolution. Using 3D analysis and combined immuno-EM characterization we have further defined the different classes of α-granules (see supplementary Table 1 ). Based on morphology and substructure we distinguished: i) spherical granules exhibiting a heterogeneous matrix substructure with electron-dense and electronlucent zones, ii) multivesicular subtypes displaying a multitude of free luminal membrane vesicles, and iii) a distinct population of ~50nm wide tubular granules, which we have Long filamentous membranous structures have previously been demonstrated in platelet whole mounts and based on their electron-dense appearance were considered to be dense granules. 25 Recent EM observations have challenged this conclusion and suggested that these tubular membranes may represent α-granules. 26 Our present study confirms this hypothesis and provides evidence that the tubular strands represent α-granules. EM tomography and immuno-EM revealed that these tubular strands are connected to spherical granules and that cargo proteins are differentially segregated within these α-granule subtypes.
Platelet α-granules share several characteristics with Weibel-Palade bodies in endothelial cells. Both organelles contain tubular vWF assemblies (abundant in WeibelPalade bodies, but present only in a subset of the α-granules) and also express the membranebound proteins CD63 and P-selectin. 8, 27 There is consensus that the tubular shape of WeibelPalade bodies is determined by specific packaging of vWF multimers into tubular assemblies. 28 However, in platelets, tubular assemblies and vWF immunolabeling is restricted to a subset of the spherical granules and are absent from tubules. It is therefore unlikely that the elongated shape of this subtype is related to vWF packaging. α-granules acquire their protein content via two distinct pathways, namely via biosynthetic and endocytic routes. 29, 30 Proteomic analysis of α-granules 31 and their released content 32 have demonstrated that α-granules contain cargo proteins with apparent opposite functions, leading to the suggestion that these proteins are stored in distinct α-granules. 13, 14 These observations have led to the belief that proteins from endocytic origin are selectively delivered to a subpopulation of α-granules. 33 In agreement with this, we find distinct distribution patterns for endocytic and biosynthetic cargo proteins in morphologically distinct α-granules. From the combined 3D
and IEM analysis it appears that tubules are connected to subsets of the spherical granule population, and that high spatial segregation of cargo exists with respect to these structures.
These observations raise questions regarding the true existence of α-granule subsets with distinct protein composition. Considering the fact that tubular α-granules represent a minority proteins and in providing a scaffold for organelle structure. 36, 37 The secretory pathway in platelets has been subject to several studies, and it is well established that the OCS serves as an important route for cargo release. 5 Recent studies have suggested that the kinetics of fibrinogen and vWF secretion, and of pro-and anti-angiogenic proteins, stems from differential release of α-granule subtypes, a process that may be regulated by different agonists. 33, 38 In this context, the comparison of tubular α-granules and Weibel-Palade bodies is remarkable. Two mechanisms have been proposed for the differential secretion of Weibel-Palade body cargo: i) selective, time-dependent release via the formation of small fusion pores, 39 or ii) differential release as a result of the heterogeneous nature of these organelles. 40 Rab27b is responsible for anchoring and fusion of Weibel-Palade bodies with the plasma membrane, and it is suggested that fusion occurs preferentially with their short ends. 40 Based on the present findings we propose that the heterogeneous nature of the α-granule population may result in a differential secretory behavior. With this is mind, we believe the kinetics of cargo release from long tubular profiles will be different for spherical granules. Assuming that tubules fuse preferentially via their short ends with OCS or PM, the spatial protein segregation will likely result in a time-dependent secretion of the protein 45, 46 . These SNARE partners are required for the selective fusion of secretory granules with their target membranes. [46] [47] [48] Rab27b (HH, unpublished observation) and the t-SNARE proteins cellubrevin, SNAP23 and syntaxin-2 have been identified on platelet α-granules. 49 Whether these fusogenic proteins are differentially distributed over α-granule subtypes, presumably giving rise to differential secretory behavior remains to be determined. 48 In conclusion, the current study has provided a detailed 3D view on the spatial membrane topology of the OCS, DTS, and secretory α-granule population within the resting human platelet. Particularly striking was the discovery of an extended and highly curved α-granule subtype. Using combined EM tomography and immuno-EM analysis we show that high spatial protein gradients exist within this compartment. We propose that tubular α- 
